(Received 29 May 1963) There are five oxidative steps involved in the conversion of pyruvate into carbon dioxide and water in the tricarboxylic acid cycle; four of these steps lead to the reduction of nicotinamide nucleotide coenzyme more or less directly. The step catalysed by the succinate dehydrogenase results in the 'energy-linked' reduction of nicotinamide nucleotide coenzyme, under certain conditions (Chance & Hollunger, 1960) , but this process is obviously very different from those reductions that occur in the other oxidative events. Two of these latter reactions, involving pyruvate dehydrogenase and oc-oxoglutarate dehydrogenase, require amongst other cofactors lipoate or a derivative (see Krebs & Kornberg, 1957 ). It appears that the reduced lipoate is re-oxidized by NAD and that this reaction is catalysed by the lipoate dehydrogenase (Hager & Gunsalus, 1953; Cutolo, 1956 ). The two remaining oxidative steps, utilizing isocitrate dehydrogenase and malate dehydrogenase, are thought to lead to the reduction of nicotinamide nucleotide coenzyme directly.
The experimental results given in the present paper lead to the conclusion that the nicotinamide nucleotide coenzyme reduced by the isocitrate dehydrogenase is not available to the respiratory chain and that, despite the presence of NAD and an active nicotinamide nucleotide transhydrogenase, the reduced nucleotide must react with oxaloacetate, a process catalysed by malate dehydrogenase. The malate is then oxidized by reaction with nicotinamide nucleotide coenzyme, which is, in this case, available to the cytochrome system (Chappell, 1961) . The rate at which citrate is oxidized appears to be limited by mitochondrial aconitase activity. This is not the case when C68-aconitate serves as substrate. The significance of these findings is discussed in relation to the structural organization of the mitochondrion.
METHODS AND MATERIALS
The experimental methods and reagents used were those described by Chappell (1961 Chappell ( , 1963 Assay of adenosine diphosphate. This was performed spectrophotometrically by the method recommended and using the enzymes provided by C. F. Boehringer und Soehne G.m.b.H., Mannheim, Germany. 0IM-Trischloride buffer, pH 7-4, was used instead of the triethanolamine-K2CO3 provided by the manufacturers. ADP was assayed at four concentrations corresponding to about 0-2, 0 15, 0 1 and 0 05,umole/3 ml. (Fig. 1 ). In the assay for ADP the decrease in extinction at 340 mtz was linearly kinase was added to a medium containing ADP, phosphoenolpyruvate, lactate dehydrogenase and NADH2. Under these conditions the amount of oxidation of NADH2 was equivalent to the amount of ADP added (0). At the conclusion of this reaction myokinase was added and an amount of oxidation of NADH2 equivalent to twice the AMP content of the ADP sample occurred (A). Total volume was 3 0 ml. The particular solution of ADP under investigation contained 0115,umole of ADP and 0006,umole of AMP/ml., i.e. 5% of AMP on a molar basis. Allowance was made for this in all calculations of P: 0 ratios by the method of Chance & Williams (1955) . Bioch. 1964, 90 225 related to the volume of ADP solution added. This was not the case with the AMP contained in the ADP solution (about 4-6% on a molar basis). Extrapolation to zero volume of added ADP solution indicated that the reagents contained a small but significant amount of a substance reacting as AMP. This value was subtracted in all calculations. It is important to know accurately the AMP content of ADP solutions, since, in calculating P: 0 ratios by the method of Chance & Williams (1955) , if the AMP content of a typical sample of ADP were ignored the P: 0 ratio obtained would be 7-5 % lower than if allowance were made for its presence.
Assay of isocitrate and malate. Samples of reaction media were withdrawn and immediately added to 0-05 vol. of 70 % (w/w) HClO4, cooled and centrifuged. Samples (15-100jid.) of the supernatant were used for the enzymic assay of isocitrate and malate. The former assay was performed by following the reduction of NADP with isocitrate dehydrogenase (Sigma Chemical Co.) (Stern, 1957) . Malate was assayed by the method of Hohorst, Kreutz & Bucher (1959) , by using malate dehydrogenase (Worthington Biochemical Corp.). The production of reduced nicotinamide nucleotide coenzyme was measured with the Eppendorf photometer (Netheler und Hinz, Hamburg, Germany), modified to record (Chappell, 1963) and by using both the fluorimetric and densitometric attachments, or with the Zeiss spectrophotometer.
Determination of respiratory rates. The Clark oxygen electrode (Yellow Springs Instrument Co., Yellow Springs, Ohio, U.S.A.) was adapted for following mitochondrial respiration as described by Chappell (1961) , with minor modifications. The reaction vessel, made of precision-bore tubing 1-5 cm. internal diam., was 3-5 cm. in depth and was surrounded by a water jacket through which water from a thermostat was circulated. The Perspex disk surrounding the base of the electrode was of a diameter such that it provided a close fit in the reaction vessel, and therefore prevented significant diffusion of 02 and served to support the electrode. All additions were made through a hole 0-1 cm. diam. in the Perspex disk with micropipettes of 5-50pl. capacity (H. E. Pedersen, Copenhagen, Denmark). The current obtained when the electrode was in M-KCI was 99 % of that when it was in water, despite the fact that the concentration of 02 in M-KCI is only 73% of that of airsaturated water (Macarthur, 1916) . The activity coefficient of 02 in solution, y, may be calculated from the relationship: log y K I where I is ionic strength and K is a constant, which to some extent depends on the nature of the electrolyte (Randall & Failey, 1927) . Since the solubility of 02 in water is known, that in the medium may be calculated. However, it is not easy to determine the effective ionic strength of a complex mixture, and non-electrolytes affect the solubility of 02 in water (Seidell, 1919) . A more direct method of calibration was adopted. NADH2 is oxidized rapidly and quantitatively by inorganic phosphate (Pi)-treated saline-washed liver mitochondria (Estabrook, 1957) , or by mitochondria which have been treated with the detergent Triton X-100 (unpublished work done in collaboration with Dr G. D. Greville). Since NADH2 is readily determined spectophotometrically with alcohol dehydrogenase, it is possible to determine experimentally both the solubility and activity coefficient of 02 in the experimental media used (Table 1 ). The mean value for the solubility of 02 in the medium that has been employed in these studies was 0 474 ug.atom of 0/ml. at 25°, corresponding to an activity coefficient of 1-05. At temperatures other than 250, the following values were obtained: 150, 0 575; 200, 0-51; 300, 0 445; 350, 0-41; and 400, 0-38 ,g.-atom of 0/ml. The value obtained by calculation from the ionic strength of the medium was 0-48 ,ug.atom of 0/ml. at 250, which is the value used by Chance and his co-workers (see Chance & Williams, 1955 K.Fe(CN)6, K4Fe(CN)6, HCN, ascorbate, 2,6-dichlorophenol-indophenol, quinol and p-phenylenediamine.
When the polarizing voltage applied to the electrode was varied over the range -0 3 to -0-8v the current increased only 2 % as the applied potential was made more negative, that is the electrode showed a good 'plateau'. At values more positive than -0 3v the current fell rapidly and at values more negative than -08v increased rapidly (Kolthoff & Lingane, 1952) . 226 1964 Table 1 . Determination of the concentration of oxygen in an air-8aturated medium
The medium contained 80 mm-KCl, 15 mM-P,, 20 mM-triethanolamine hydrochloride buffer, pH 7-2, and 1 pi-cytochrome c. A portion (3-9 ml.) of this medium was placed in the vessel of the oxygen electrode and after equilibration 100i1l. of Pi-treated saline-washed liver mitochondria was added (Estabrook, 1957) . This addition produced no deflexion of the recorder since such preparations are not anaerobic and do not contain endogenous substrates. After 1 min. 20.ul. of reduced NAD solution was added; this was rapidly oxidized and then no further oxygen consumption occurred. Three further additions of reduced NAD were made in this way. A fifth addition of reduced NAD produced anaerobic conditions. In the Table the recorder deflexions for each of the first four reduced NAD additions are given, as well as the initial (R) and final, anaerobic (r), deflexions. In the last column the solubility of oxygen in the medium is given. Simultaneously the reduced NAD solution was estimated spectrophotometrically (Ciotti & Kaplan, 1957) (Chappell, 1961 pattem of oxygen consumption. Variation of the concentration of magnesium chloride over the range 0-12 mm had no effect. Vol. 90 227 1 mM-ethylenediaminetetra-acetate almost completely abolished the response to AMP, leaving the rate of ADP-stimulated respiration unaffected. These findings suggest that there is both sufficient adenylate kinase and Mg2+ ions in liver mitochondria to enable AMP to act as an efficient acceptor in oxidative phosphorylation. With pigeon-heart mitochondria, even in the presence of added Mg2+ ions, AMP produced only 25 % of the rate obtained with ADP, which suggested that these mitochondria have a relatively much lower myokinase activity.
As with ADP, when 10-l00tM-2,4-dinitrophenol was used to stimulate respiration a rapid initial rate of oxygen uptake was observed, equal to that obtained with ADP, which then fell to 30 % of this value and persisted without any great increase for some 10 min. (Chappell, 1961 (Borst & Slater, 1961; Chappell & Greville, 1961) .
It has been suggested that this requirement for Pi is a reflexion of the need for this anion for substrate-level phosphorylation in the oxidative decarboxylation of o-oxoglutarate. In the presence of oligomycin, which inhibits both ADP-stimulated respiration and dinitrophenol-stimulated adenosine triphosphatase of intact mitochondria (Lardy, Johnson & McMurray, 1958) , both ADP and Pi are required for the dinitrophenol-stimulated oxidation of glutamate, isocitrate and a-oxoglutarate, but not for the oxidation of ,B-hydroxybutyrate or succinate (Chappell, 1961; Chappell & Greville, 1961) . These requirements and the inhibitory effects of the arsenical compound ,8-chlorovinylarsenious oxide on the oxidation of the former group of substrates (see Table 2 ) indicate that both glutamate and isocitrate oxidation are intimately dependent on the further metabolism of oc-oxoglutarate.
Effect of preincubation with adenosine diphosphate and dinitrophenol. When mitochondria were incubated with ADP and P1 for 2-3 min. in the absence of added substrate, the subsequent addition of 10 mM-isocitrate led to a barely perceptible increase in the rate of oxygen consumption; a considerable lag period was observed and the rate increased only slowly. Again, after ADP had been exhausted (state 4) the addition of this nucleotide produced a greater rate of respiration than before. This behaviour was observed in media containing both high and low concentrations of Pi; at 15 mMPi the lag was much more marked than at 5 mm.
Preincubation with 50-1001tM-dinitrophenol similarly prevented the oxidation of added isocitrate and no significant rate of oxygen consumption was observed for at least 10 min. The longer the period of preincubation with ADP or dinitrophenol the more marked was the lag before isocitrate was oxidized at an appreciable rate.
Incubation of mitochondria with ADP or dinitrophenol in the absence of added oxidizable substances leads to a partial depletion of endogenous substrates (Chance & Williams, 1955) , but could lead also to the breakdown of some essential ' energy-rich' intermediate (see, for example, Purvis, 1958 ) required for isocitrate oxidation.
Effects of added dicarboxylic acids. If it is
assumed that some compound AH2, which is present as an endogenous substrate in isolated liver mitochondria and can also arise from the oxidation of isocitrate, is responsible for catalysing the oxidation of isocitrate, then the system outlined in Scheme 1 would be consistent with the experi- (Banga, 1937; Chappell, 1961) .
This was the case when either 10-100/tM-dinitrophenol or ADP was used to stimulate respiration. At lower concentrations of malate even lower rates of respiration were observed. When 1 mM-malate was added to a suspension of mitochondria from which endogenous substrate had been removed partially by preincubation with 50/,uM-dinitrophenol and to which 10 mM-isocitrate had been added, an immediate and rapid consumption of oxygen occurred. The rate of respiration was linear and was maintained until the suspension became anaerobic (Chappell, 1961) . Similar results were obtained when malate was replaced by 0 3-0-6 mMoxaloacetate, but in this case there was a lag period of approximately 2 min. before the maximal rate was observed. This lag probably corresponded to the time taken to reduce a significant portion of the oxaloacetate to malate (see Fig. 4a ).
The effect of varying malate concentrations on the rate of oxidation of isocitrate by liver mitochondria that had been preincubated with 1OOM-dinitrophenol in the absence of Pi is shown in Fig. 3 . The concentration of malate that gave halfmaximal stimulation of respiration was 200 ,tM. Under the same conditions 0 1-1 mM-acetoacetate did not stimulate isocitrate oxidation, nor did 1 mM-pyruvate (with or without 1 mM-potassium hydrogen carbonate). These results indicate that neither the fl-hydroxybutyrate dehydrogenase nor the malic enzyme can act in place of the malatedehydrogenase system (see Krebs, Eggleston & D'Alessandro, 1961) .
The same results were obtained in the presence of oligomycin, which inhibits the stimulation of respiration by ADP, the dinitrophenol-stimulated adenosine triphosphatase and the ATP-P; exVol. 90 229 change reaction, but not dinitrophenol-stimulated respiration or the substrate-level phosphorylation that occurs in the oxidation of oc-oxoglutarate (Lardy et al. 1958; Chappell & Greville, 1961 used to stimulate respiration. When 10 mM-isocitrate and 1 mm-oxaloacetate were incubated together for 2 min. in the presence of oligomycin the addition of 100 /uM-dinitrophenol led to an immediate increase in the rate of respiration, which was linear until the suspension became anaerobic. This behaviour is to be contrasted with that which occurred when oxaloacetate was added after isocitrate (see above), when a marked lag was observed. Under the conditions of the present experiment isocitrate was able to reduce the oxaloacetate to malate (see Fig. 4a ) before the addition of ADP, whereas in the experiment described previously before respiration could occur oxaloacetate reduction had to take place. Again acetoacetate did not cause an increase in the rate of oxidation of isocitrate.
These experiments in the presence of oligomycin and with dinitrophenol used to stimulate respiration would seem to rule out the possibility that dicarboxylic acids are required so that they may produce some 'energy-rich' intermediate, which in turn is used for isocitrate oxidation.
Effects of ,8-chlorovinylarseniou8 oxide and malonate. ,B-Chlorovinylarsenious oxide inhibits the oxidation of oc-oxoglutarate at low concentrations (approx. 1 ,m); 2,3-dimercaptopropanol reverses this effect. On the other hand the oxidation of ,Bhydroxybutyrate, proline or succinate, and the associated phosphorylation reactions, are unaffected (Chappell, 1961 (Table 2) .
These results are in accordance with the hypothesis that isocitrate oxidation leads to the production of malate, which is in turn responsible for continued isocitrate oxidation. The inhibitory effects of malonate lend further support to this hypothesis. Thus 5 mM-malonate inhibited the oxidation of isocitrate in much the same way as ,B-chlorovinylarsenious oxide (Table 2) ; the subsequent addition of malate or fumarate led to restoration of oxidative activity.
Site of inhibitory action of inorganic phosphate. Although the inhibitory effect of higher concentrations of Pi led to an investigation of the coupling between isocitrate and malate oxidation it is still not possible to account satisfactorily for this effect of Pi. DeLuca, Gran, Reiser & Steenbock (1959) Fig. 1 ) observed a progressive increase in the rate of oxidation of citrate by liver mitochondria. Of the four enzymes involved in the conversion of isocitrate into malate only fumarase has been shown to be affected by P1 over the concentration range involved in this investigation. Although fumarase is activated by Pi at higher fumarate concentrations, at lower concentrations of the dicarboxylic acid it is inhibited (Alberty, Massey, Frieden & Fuhlbrigge, 1954) . However, the behaviour of the purified enzyme and that in intact mitochondria is probably very different. Experiments performed in collaboration with Dr B. Chance have indicated that the fumarase activity of both liver and pigeon-heart mitochondria is 'latent'. In untreated mitochondria the rate of interconversion of malate and fumarate was slow, but was increased several-fold by treatment with hypo-osmotic solutions of P1 or with the detergent Triton X-100. It was possible to show a definite effect of P1 on the stimulation of isocitrate oxidation by fumarate. In a medium containing 5 mi-Pi a lag of 1 min. in attaining the maximum rate of respiration was observed when 1 mM-fumarate was added after mitochondria had been incubated with lOO1,M-dinitrophenol and to which 5 mM-isocitrate had been added. When malate was used in place of fumarate respiration started immediately. When the Pi concentration was 15 mm the lag with fumarate was even more marked. These results are consistent with the hypothesis that Pi acts by inhibiting mitochondrial fumarase activity, but are in no way conclusive.
Experiment8 with glutamate and ,-hydroxybutyrate. It is possible that other dehydrogenase systems should be coupled to the malate dehydrogenase in the way in which the isocitrate system appears to be. Experiments performed with Lglutamate and D--hydroxybutyrate have failed to produce any evidence for this. Thus mitochondrial suspensions that had been depleted partially of endogenous substrates by preincubation with ADP or dinitrophenol, and to which glutamate or ,Bhydroxybutyrate was added subsequently, showed an immediate and rapid respiration, in marked contrast with the behaviour shown when isocitrate was used as substrate. The effects of ,B-chlorovinylarsenious oxide and malonate on glutamate oxidation are complicated because of the alternative pathways of metabolism (Krebs & Bellamy, 1960) , but neither malonate (Lehninger & Greville, 1953) nor ,-chlorovinylarsenious oxide had any effects on D-f-hydroxybutyrate oxidation, either before or after preincubation of the mitochondria with ADP or dinitrophenol.
Stoicheiometry of isocitrate oxidation. In Table 3 the results of an experiment in which liver mitochondria were incubated with isocitrate, malate or a combination of the two are shown. When isocitrate alone was present no significant change in its concentration occurred and very little oxygen uptake over and above that of a control was observed. Similarly with malate as substrate only a small decrease in its concentration was observed (see above), and the consumption of oxygen was low. With a combination of the two only isocitrate decreased significantly, the malate concentration remaining almost constant. The ratio of oxygen by Dickman, 1961) . In the absence of oxaloacetate none of the three tricarboxylic acids gave rise to malate formation under these conditions. Oligomycin at a concentration (0-5 5g./ml.) that completely blocked ADP-stimulated isocitrate oxidation did not inhibit the reduction of oxaloacetate by isocitrate.
In Figs. 4(b) and 4(c) the rates of disappearance of isocitrate in the presence and absence of added oxaloacetate, and the steady-state concentrations of isocitrate in the presence of added ci8-aconitate and citrate, are shown. In the absence of oxaloacetate isocitrate disappeared, and, since under the same conditions only 0-08 pcg.atom of oxygen/ml. was consumed in 8 min., this was presumably due to aconitase activity. Mitochondria that had been preincubated with dinitrophenol for 2 min. did not show any significant apparent aconitase activity towards isocitrate (Table 3) or ci8-aconitate, yet under the same conditions they were able to catalyse the oxidation of both ci8-aconitate and citrate when catalytic amounts of malate were added. This paradoxical behaviour is being investigated. It is possible that some of these effects are due to latency of mitochondrial aconitase (Dickman & Speyer, 1954) . Mitochondria that had been repeatedly frozen and thawed and then preincubated with 100 pM-dinitrophenol for 2 min. showed the same ability to convert ci-aconitate into isocitrate as untreated mitochondria that had not been preincubated with dinitrophenol. However, the same mitochondria after preincubation with dinitrophenol showed no significant ability to convert ci8-aconitate into isocitrate, but nevertheless were able to oxidize ci-aconitate in the presence of added malate.
Reduction of nicotinamide nucleotide coenzyme with itocitrate and malate. When liver mitochondria are incubated with ADP and P, or with uncoupling agents, e.g. dinitrophenol, the bound nicotinamide nucleotide coenzyme of the mitochondria is largely oxidized. The addition of a substrate then leads to reduction of nicotinamide nucleotide coenzyme and consumption of oxygen. The changes in the state of reduction of the bound nucleotide may be followed with a double-beam spectrophotometer or more simply by recording the changes in the fluorescence of bound reduced nicotinamide nucleotide coenzyme (Chance & Baltscheffsky, 1958) . In Fig. 5 Time (min.) Fig. 5 . Reduction of mitochondrial nicotinamide nucleotide by isocitrate and malate followed by changes in fluorescence (see Chappell, 1963 It is not possible to use dinitrophenol when studying the fluorescence of nicotinamide nucleotide since this phenol pauses quenching, presumably due to the absorption of the exciting light. 2,4-Dibromophenol may be used and it has similar effects to dinitrophenol on mitochondrial respiration and the cytochrome system. When mitochondria were incubated with 100 rMdibromophenol the subsequent addition of isocitrate or malate alone did not cause any significant reduction of nicotinamide nucleotide; only when the two compounds were added together was there any rapid and extensive reduction.
Mitochondria from other ti8sues. Rabbit-kidney, pigeon-heart and rat-brain mitochondria appear to possess a similar system for the oxidation of isocitrate. Both kidney and heart mitochondria, as prepared, were relatively free of endogenous substrate and isocitrate was oxidized rapidly only in the presence of added malate. The pattern of reduction of nicotinamide nucleotide in heart and brain mitochondria was essentially the same as in liver. Evidence for the existence of the system in 'digitoninparticles' derivedfromlivermitochondria has been obtained by Dr Ulla Fugman (personal communication).
Oxidation of citrate and cis-aconitate by liver mitochondria. In a medium containing 1 mM-malate and 5 mm-Pi, 5 mM-citrate was oxidized at a rate 40-60% of that obtained with isocitrate. This was true over the temperature range 20-38° (Table 4) ; the rates of oxidation of P-hydroxybutyrate and glutamate are included in Table 4 for comparison.
At 300 ci8-aconitate was oxidized at 90-100 % of the rate with isocitrate. These rates of respiration with the three tricarboxylic acids are very similar to the relative rates of reduction of oxaloacetate (Fig. 3b) . It would appear that the rate of citrate oxidation is limited by mitochondrial aconitase activity. This is possibly not the case in vivo since 95 % of the aconitase activity of the liver cell is localized in the cytoplasm (Dickman, 1961 Chappell, unpublished work) under the conditions described above has failed to reveal any significant swelling or contraction of the mitochondria, which might be associated with gross changes in permeability. Liver mitochondria show a latent rhodanese (thiosulphate-trans-sulphurase) activity and it has been postulated (Greville & Chappell, 1959; Chappell & Greville, 1963 ) that this latency is an expression of the impermeability of the mitochondrion to the ions that are the substrates or products. Rhodanese activity was increased considerably only after the mitochondria had undergone extensive swelling or had been disintegrated by detergents. If a lack of penetration of tricarboxylic acids was responsible for the phenomena described in the present paper it would be expected that observable volume changes would occur. It is considered therefore that the system represented in Scheme 2 is involved in isocitrate oxidation. In essence it is postulated that there are within the mitochondria spatially separated 'pools' of nicotinamide nucleotide that are associated with the various enzymes involved in the transfer of reducing equivalents from isocitrate to oxygen. I8ocitrate-dehydrogena8e activity. It has been claimed that there are three distinct isocitrate dehydrogenases in the liver cell: one is localized in the soluble portion of the cytoplasm and is NADPspecific and two are in mitochondria (Ernster & Navazio, 1956 , 1957 McMurray, Maley & Lardy, 1957) . Of the two enzymes that have been claimed to exist in mitochondria one is NADP-linked and the other less-active enzyme is specific for NAD. The existence of this latter enzyme has been denied by Purvis (1958) and by Stein, Kaplan & Ciotti (1959) . These workers showed that when mitochondria are depleted completely of their endogenous nicotinamide nucleotide, only NADP is reduced by isocitrate. The reduction of NAD observed by Ernster & Navazio (1956 , 1957 and McMurray et al. (1957) was claimed to be due to transhydrogenase working in concert with residual NADP. Ernster & Navazio (1957) also studied the requirements for the restoration of isocitrate oxidation by mitochondria which had been depleted of their nicotinamide nucleotide, when molecular oxygen, rather than nicotinamide nucleotide, served as electron acceptor. They showed that NAD, and not NADP, would restore isocitrate oxidation and concluded that the NADP-linked dehydrogenase was quantitatively unimportant in isocitrate oxidation in mitochondria. However, Vignais & Vignais (1961) have shown that preparations of liver mitochondria are able to convert NAD into NADP in the presence of ATP. It seems likely therefore that for isocitrate oxidation to occur by the cytochrome system both NAD and NADP are required, that there is only one isocitrate dehydrogenase in liver mitochondria and that this leads to NADP reduction. The reduced NADP cannot be oxidized directly by the cytochrome system and transhydrogenase and NAD are required for transfer of reducing equivalents to the cytochrome system. In the work described above isocitrate oxidation by partially disintegrated mitochondria has been studied. In these preparations the reduced NAD derived from transhydrogenase activity would have free access to the cytochrome system. It is postulated that, in intact mitochondria, this is not the case.
Oxidation of reduced nicotinamide nucleotide coenzymes. From the experimental results presented above it has been concluded that nicotinamide nucleotide reduced by the isocitrate dehydrogenase is re-oxidized by the malate dehydrogenase (Chappell, 1961) . The main points of evidence in favour of this hypothesis are: (1) when mitochondria were depleted of their endogenous substrates by incubation with ADP or dinitrophenol a considerable lag period occurred before isocitrate added subsequently was oxidized at an appreciable rate (the further addition of malate, oxaloacetate or fumarate reduced or removed the lag period); (2) in the presence of inhibitors that prevented the production of malate from isocitrate, oc-oxoglutarate or succinate, namely ,-chlorovinylarsenious oxide and malonate, either malate or oxaloacetate or fumarate, in catalytic amounts, was required for isocitrate oxidation.
In considering the oxidation of the reduced nico- 
Scheme 2. Proposed pathway of the oxidation of isocitrate (Chappell, 1961) .
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important. One is the relative activity of the malate dehydrogenase towards reduced NAD and NADP, the other the activity of nicotinamide nucleotide transhydrogenase. Thorne (1960; and personal communication) and Delbruck, Schimassek, Bartsch & Bucher (1959) have shown that there are two malate dehydrogenases in rat liver, which differ in their localization within the cell and their electrophoretic and enzymic properties. The mitochondrial enzyme, which is firmly bound to the mitochondrial structure and can be released only by disruption by detergents or partially by hypoosmotic treatment (Bendall & de Duve, 1960) , reacts some 100 to 200 times as rapidly with reduced NAD as with reduced NADP. It is apparent therefore that without the aid of other enzymes the reduced NADP produced by isocitrate dehydrogenase would be oxidized very slowly. The greater part of the transhydrogenase activity of liver homogenates is localized in the mitochondria (Stein et al. 1959) , and the transhydrogenase activity determined by Purvis (1958) is sufficient to allow the observed rates of isocitrate oxidation. The weight of evidence at the present time would indicate that the oxidation of isocitrate occurs by the pathway indicated in Scheme 2; NAD1 and NAD2 represent nicotinamide nucleotide that is localized in different parts of the mitochondrion. It has long been known and many times confirmed that reduced NAD added to intact mitochondria is not oxidized at an appreciable rate (Lehninger, 1951 ). It appears from the findings described in the present paper that a portion of the NAD reduced intemally is not available to the cytochrome system. Before this nucleotide may be re-oxidized a 'shuttle' system must act. This is directly analogous to the external 'shuttle' for reduced NAD oxidation that has been proposed for liver mitochondria by Devlin & Bedell (1959) , and similar to that which occurs in insect sarcosomes (Vogell et al. 1959) . The former system involves fl-hydroxybutyrate and acetoacetate, the latter oc-glycerophosphate and dihydroxyacetone phosphate and a soluble dehydrogenase.
A model system has been studied in which the malate dehydrogenase of the mitochondrion has been replaced by the soluble purified enzyme from pig heart. NAD1 was replaced by reduced NAD (this represents the isocitrate dehydrogenasetranshydrogenase system) and NAD2 by acetylpyridine-adenine dinucleotide (acetyl-PAD). The course of events in this system is shown in reactions (3) and (4). NADH2 +oxaloacetate NAD +malate
Acetyl-PAD + malate acetyl-PADH2 + oxaloacetate (4) NADH2+ acetyl-PAD N AD +acetyl PADH2
(overall icaction)
The overall effect is a transhydrogenase reaction catalysed by malate dehydrogenase in the presence of catalytic quantities of malate. In such a system the apparent Michaelis constant for malate at pH 7-2 is of the order of 2001iM (Fig. 6 ). This value may be compared with the apparent Michaelis constant for malate in the oxidation of isocitrate and the reduction of intramitochondrial nicotinamide nucleotide (Fig. 3) . At pH 10 the value obtained was 10PuM. The rate of reduction of acetyl-PAD was linear until 80 % of the NADH2 had been oxidized. Since at low malate concentrations, considerably below the apparent Michaelis constant, the rate of reaction is approximately proportional to the malate concentration, this system provides the possibility of estimating very small quantities of this dicarboxylic acid. Thus in a typical experiment conducted at pH 10 with 0-25 pm-mole of malate/ml. the increase in extinction at 375 m,u was 0-10 in 10 min., corresponding to the reduction of 15-8,um-moles of acetyl-PAD; the malate had turned over approximately 60 times. The direct estimation of malate under these conditions would have given a change in extinction of approximately 0-002, which is too small to be measured with most spectrophotometers. (1934) plot relating the rate of reduction of acetyl-PAD by NADH2 to the concentration of malate present. Measurements were made at 375 mic; the difference in extinction coefficient between NADH2 and acetyl-PAD of 6-34 x 106 cm.2/mole at this wavelength was derived from the data given by Siegel, Montgomery & Bock (1959) . Experiments were performed in the presence of 80pM-NaDH2, 420/M-acetyl-PAD and either 0-2m-triethanolamine hydrochloride buffer, pH 7-2 (A), or 0-2M-glycine-KOH buffer, pH 10 (-). Malate dehydrogenase was added to start the reaction.
Vol. 90 235
